Lateral flow biosensors (LFBs) are paper-based devices which permit the performance of low-cost and fast diagnostics with good robustness, specificity, sensitivity and low limits of detection. The use of nanoparticles (NPs) as labels play an important role on the design and fabrication of a lateral flow strip (LFS). The choice of NPs and the corresponding detection method directly affect the performance of these devices. This review discusses aspects related to the application of different nanomaterials (e.g. gold nanoparticles, carbon nanotubes, quantum dots, up-converting phosphor technologies, and latex beads, between others) in LFBs. Moreover, different detection methods (colorimetric, fluorescent, electrochemical, magnetic, etc.) and signal enhancement strategies (affording secondary reactions or modifying the architecture of the LFS) as well as the use of devices such as smartphones to mediate the response of LFSs will be analysed. .
Introduction
Nowadays biosensors are very helpful tools in our everyday life, being used for the detection of allergens in food, toxicants in water, in chronic diseases control, pregnancy tests and other diagnostic applications. Certainly, it can be ensured that biosensors are going to enter even deeper in our life in the future, so it is a research field looking for new and improved easy-to-be-used device technologies. Since the appearance of the first biosensor (Clark et al., 1953) , the technology has evolved, but it is still not crowned with the expected devices that would work as easily as a glucose biosensor or a pregnancy test, present in any pharmacy all over the world. Low cost and efficient devices for the detection of other analytes as DNA, proteins or even whole cells in real scenarios are still in the way.
One of the possible paths that the researchers could take to reach this future is the development of paper-based biosensors, following the same principle as the immunochromatographic assays (IAs) (Lou et al., 1993; Cho and Paek, 2001; Lönnberg and Carlsson, 2001; Ho and Wauchope, 2002; Shyu et al., 2002) : the separation of analytes which flow across a porous medium taking into account the specific interactions that occur between antigen and antibody, enzyme and substrate, or receptor and ligand. Paper is a simple, cheap, abundant and an easy-to-manufacture material that fulfils cost/efficient requirements in biosensing technology (Costa et al., 2014) . It is noteworthy that it is in developing countries where this type of biosensors are more requested due to the lack of resources to use conventional laboratory tools which are more expensive and require trained operators, huge amount of equipment and installations, so the development of paper-based devices could be of vital importance in these regions.
Paper, this mere material made from cellulose (the most abundant polymer on Earth) or nitrocellulose, offers many others advantages in the development of biosensors. Various biochemical reactions with interest for biosensing applications can easily be carried out within this matrix. In addition, simple microfluidics including platform architectures tuning can be applied thanks to the controlled porosity and capillary forces of the nitrocellulose network in addition to simple modification or integration processes. Moreover paper-based platforms are compatible with either naked eye detection or simple optical or electrical readers.
Lateral flow biosensors (LFBs)
The aim of this review is to discuss and analyze the current advances concerning the class of paper-based biosensors, called lateral flow biosensors (LFBs), which are the modern version of paper IAs (Parolo and Merkoçi, 2013) . These devices may fit all the requirements expected from a biosensor: low limit of detection, high sensitivity, good selectivity, low quantity of sample volume required, no washing steps are necessary, robustness, low cost, quick assay performance in just one step and a user-friendly format. Nevertheless LFBs also have some weaknesses, such as the fact that the response obtained on naked-eye is just qualitative, not quantitative, although with the help of certain reading devices it can be converted into semiquantitative. Another drawback is that the sample must be always in liquid state, with enough viscosity to flow across the porous of the nitrocellulose. These pores, in some cases, could be obstructed by different matrix compounds and provoke unspecific adsorptions in the membrane; it is in those cases when a sample pretreatment or predilution will be required. Because of the limitation of the detection area, the surface where receptors (e.g. antibodies, enzymes, proteins, etc.) are placed, at higher concentrations of analyte, can be oversaturated, giving false blank response; it is another factor to consider making the predilution of the sample before the analysis.
LFBs can be used to detect a large range of biomarkers that may include not only proteins but also nucleic acids and even whole cells, among other biocompounds. Furthermore, LFBs are not limited only to biomolecules detection; several publications have appeared in the last years about the detection of pollutants such as metallic ions, pesticides, etc. The range of LFBs applications is Liu, N.; Ediage, E. N.; Sun, C.; Saeger, S. D.; , Anal. Chem., 86, 4995-5001. Copyright 2014 In some cases, multidetection of analytes could be required, so it would be necessary to use various nanoparticles easy to be concentrated so as to achieve an intense color. Hereby, AuNPs are a good choice to develop multidetection LFSs (Elenis et al., 2011; Song et al., 2014; Kim et al., 2014) . These LFSs could replace ELISA assays, which are time-consuming and expensive, as was demonstrated by the work of Song et al. (2014) , developed to detect different mycotoxins at the same time ( Fig. 3 ). Their work, additionally, demonstrates that LFSs, besides of the qualitative response, permit the quantitative interpretation of the signal by means of a colorimetric reader. The quantitative response can be represented as relative optical density (the ratio in percentage between the signal of a positive sample and the blank). This data can be used to construct a calibration curve of the measuring system.
The work of Chen et al. (2012) and Huang et al. (2014) reveals another interesting application of AuNPs on LFSs, the development of logic gates systems. AuNPs can afford more than one biocompound conjugated on their surface, therefore easily a LFS could detect the presence of various analytes on the same line ("OR" logic gate: the LFS will mark positive signaling in the presence of any of the analytes). Also the signal can indicate only the presence of both analytes at the same time ("AND" logic gate: the signal on TL will only appear if both analytes are present). Huang et al. (2014) 's system can also detect the presence of a single analyte in a system where the analytes are inhibited by each other ("INH" logic gate: the LFS will mark positive signaling in the presence of only one of the analytes, but not if both are present in the sample at the same time).
Enhancement strategies
Although LFBs with AuNPs have demonstrated to have good sensitivity and low limits of detection, there are cases when it is necessary to achieve better performance. Different enhancement strategies with potential to significantly improve LFSs devices have been reported. These strategies can be based on chemical methods, like the modifications of the label's surface (the AuNPs) to afford secondary reactions or attachments, or in altering the physical properties of the device (flow movement, speed, etc.) by modifying the design/architecture.
Fig. 4. a)
Signal enhancement strategy on LFS by means of enzymatic reactions. Adapted with permission from Parolo, C.; de la Escosura-Muñiz, A.; , Biosens. Bioelectron., 40, 412-416. Copyright 2013 ) AuNPs carried on silica nanorods: design and performance of the LFBs assay and c) comparison of results with standard AuNPs labels (left strips) and silica nanorods decorated with AuNPs (right strips). Adapted with permission from Xu, H.; Chen, J.; Birrenkott, J.; Zhao, J. X.; Takalkar, S.; Baryeh, K.; Liu, G., 2014, Anal. Chem., 86, 7351-7359 . Copyright 2014 American Chemical Society.
Modification of the labels
One of the strategies used to amplify the signal on TL and CL is to surround AuNPs with other compounds which enhance the color by means of enzymatic reactions ( Fig. 4a ), as the reaction occurring between HRP (horseradish peroxidase) and some chromogenic substrates He et al., 2011; Parolo et al., 2013b) , such as AEC (3-amino-9-ethylcarbazole) or TMB (3,3',5,5'-tetramethylbenzidine). AEC mixed with H2O2, use to provide color enhancement (and consequently, higher sensitivity) on HRP catalyzed reactions. Nevertheless it is when using TMB that the quantification limit is further decreased due to the fact that this substrate grants higher contrast between the lines and the background than the AEC. The reported detection limit of these enhancement strategies can reach the 200 pg/mL (Parolo et al., 2013b) .
Although enzymatic reactions exhibit low limit of detection and good sensitivity, the short stability of the reagents and the long conjugate development and testing times are drawbacks to consider. The amplification method proposed by Rastogi et al. (2012) by means of gold deposition over the strip after the assay solves the problem of reagents stability and seems to increase the signal effectively at low concentrations, but at higher concentrations, when detection lines are already saturated, the signal enhancement is slight. Fridley et al. (2012) studied the release of dry reagents stored in porous media (rehydrated afterwards) and demonstrated that this strategy could be used to enhance up to four times the intensity of AuNPs (previously deposited on the strip). This strategy, if developed on a real assay (with AuNPs and analyte flowing) could lessen the testing time in comparison with the methods in which amplification is performed after the assay. However, it is important to be taken into account the properties of the reagents to be stored on the membrane, their stability once dried and their potential as signal enhancers after rehydration.
Another interesting work was reported by Li et al. (2012) . Taking advantage of the quenching effect of gold ions on QDs, they dissolved the AuNPs captured on TL using HCl-Br2 mixed solution and, in a 96-well microplate, they measured the fluorescence of QDs. The method provides a good sensitivity, a wide working range and a fairly low limit of detection (90 pg/mL). Despite these advantages, the procedure is long and difficult to execute on field since it requires treating of the strips, fluorescence equipment to read the 96-well microplate and trained personnel. Instead of solving the AuNPs, Shi et al. (2015a) developed a system which allowed fluorescence quenching measurements without the need of dissolving the nanoparticles; they dispensed fluorescent polymer dots of 50nm on the TL and CL and observed how the fluorescence decreased with the increase of concentration of AuNPs, which competed against the analyte. The detection limit of their method reached the 160 pg/mL. As an alternative to fluorescence detection, silver deposition onto AuNPs could be used to enhance the colorimetric response, turning into black the color of TL and CL (Anfossi et al., 2013) . This strategy not necessary requires the use of colorimetric reader, if only qualitative assay is needed, but the detection limits achieved are not as low as when using QDs and fluorescence.
Recently, Xu et al., 2014 , developed LFS in which, as labels, AuNPs were loaded over silica nanorods surface ( Fig. 4b ), raising quite a lot the sensitivity of the method due to the increase of AuNPs density over detection lines (Fig. 4c ). The detection limit also is improved, in comparison to the previous mentioned strategies, being 10 pg/mL the estimated value. Another observable improvement of this method is that the amount of antibodies dispensed on TL and conjugated onto AuNPs could be reduced. Nevertheless, one should keep in mind that the silica nanorods preparation and their decoration with AuNPs could be a timeconsuming step, besides that the size of the rods (tens of micrometers) slows the flow across the membrane thus increasing the testing time. The size of the labels also precludes the use of small pore membranes, which use to exhibit higher sensitivity than the membranes with bigger pores. Kim, M. G., 2010 , Biosens, Bioelectron., 25, 1999 . Copyright 2010 Elsevier.
To increase the density of AuNPs on the detection lines, another strategy is to interconnect AuNPs by means of DNA probes (Hu et al., 2013; Ge et al., 2013) conjugated onto their surface. The binding between AuNPs can be performed previously to the assay, adding the AuNPs-probes cocktail to the conjugate pad (Hu et al., 2013) , or during the assay, adding the enhancer nanoparticles mixed with the sample (Ge et al., 2013) (Fig. 5a ). As in the case of AuNPs decorated silica rods and the deposition of dry reagents on the membrane method, these designs are user-friendly, being able to be performed in one only step, without the need for post-treatments on the strip. As mentioned, increasing of the density of AuNPs on TL and CL is a good strategy to enhance the LFS signal. The LFS design modification, can be easily achieved, for example by adding an extra conjugate pad, as shown in the work of Choi et al. (2010) . On this design, two different sized AuNPs conjugated with different types of antibodies on two pads are used. The smallest AuNPs are conjugated with the antibodies which are selective to the antigen and will flow faster than the biggest AuNPs, which are conjugated with anti-BSA antibodies and will bind to the previous AuNPs, covered with BSA as blocking agent, obtaining an enhanced signal due to this new sandwich format (Fig. 5b ). The detection limit of this LFS is 1ng/mL, so the enhancement is not as good as in the previously discussed methods. Nevertheless this method is advantageous due to the fact that the assay is performed as a real onestep procedure, without pre-treatments on the sample neither post-treatments on the strip. Should also be noted that the preparation of both conjugates is simple and the biocompounds which are used are not very expensive. This technique was used again by Mei et al., 2013 , demonstrating that it works as well for the detection of small molecules.
Architecture tuning
In cases where pre-treatment of the sample is required an extra pad can also be used to pre-treat the sample, simplifying the test procedure. In the work of López-Marzo et al. (2013b) , an improvement of a previous design (López-Marzo et al., 2013a) by adding an extra pad with EDTA, which binds the metallic ions to allow their detection, and OVA, to help masking the interferences has been carried out ( Fig. 6 ). More pads could be added, to enrich the flowing liquids with buffers or to improve the signal with enhancer solutions once the assay is finished, but it could require several steps, having to wait for the timely moment of each one, hindering the reproducibility of the device. That problem can be solved using the two-dimensional paper network format of Fu et al., (2011a) . Buffer, sample and signal enhancer are added at the beginning of the assay, then the device is closed and, when the pads contact, the flowing across the paper network starts. In this manner the reproducibility of the liquid mixing is better controlled. In another work of Fu et al. (2012) they applied their knowledge about the behavior of the flow on paper-based materials (Fu et al., 2010; Fu et al., 2011b) to simplify their previous design. The possibilities are huge and of course this strategy can be adapted to many other designs and transducers, not only to AuNPs Jahanshahi-Anbuhi et al., 2012) . Multidetection of analytes is another interesting area in which architecture tuning can be helpful. Fu et al. (2010) and Fenton et al. (2008) experimented with the division of the flow on paper format, proving that multiplex design on lateral flow could work without the need of pumps or other auxiliary devices. Li et al. (2011) adapted LFS to the multiplex format in which three strips shared one sample pad ( Fig.7a) .
At the beginning of this section it was discussed how increasing the quantity of gold nanoparticles in TL and CL boosts the sensitivity of the device. In the work of Parolo et al. (2013c) this purpose was reached modifying the architecture of paper. The authors tried different designs in which the flow was accelerated inside the detection pad due to a funnel effect, which at the same time was concentrating the amount of AuNPs and analytes inside (Fig.7b ). The optimal results were obtained when the width of sample pad and conjugate pad was 3 times the width of the detection pad, enhancing the sensitivity and reducing about eight times the limit of detection in comparison to a standard LFS.
Another way to modify the flow is to disturb it, instead of provoking its acceleration the time that the transducers have to conjugate with analytes can be increased, ensuring that all AuNPs are conjugated and, consequently, captured on TL and CL. In the work of Hong et al. (2012) the antibodies were dispensed as patterns of parallel and zigzag dots on the detection pad, being the zigzag pattern the one which gave the highest intensities, presumably because flow slower on this design. Recently, it has been demonstrated that wax is a useful tool due its hydrophobicity to control flow on paper devices and create channels on it (Renault et al., 2014) . In the work of Rivas et al. (2014) , wax is used to create pillars inside the membrane (Fig.7c ) slowing the movement of the fluids and amending their mixing. Furthermore, the pressure exercised when printing the wax patterns reduces the membrane's pore size, also contributing to the brake of the flow. Again, as happened in Hong et al. (2012) 's work, the zigzag design exhibits the highest response. On Rivas et al. (2014) 's work the detection limit is improved three times regarding a non-modified strip, less than on Parolo et al. (2013c) 's method; however wax pillars compose a more inexpensive design, since it does not require higher quantities of AuNPs and antibodies, in addition that wax is a cheap material. Probably, it is the recent design of Nunes Pauli et al. (2015) the most newfangled one. Instead the use of a LFS, the assay is carried out in a vertical flow mode inside a syringe (Fig.8a) ; first, the sample is pumped to the conjugate pad and it interacts with it during few minutes, allowing the conjugation of the analyte with AuNPs; then, it's aspirated to the upper part (detection pad that consists in a small cartridge with circular pieces of nitrocellulose with the detection antibodies retained inside a wax ring) where the signaling takes place (Fig.8b ). This technique requires high quantities of liquid in comparison to standard LFS to perform the assay; nevertheless, since the sample is being pre-concentrated in the syringe, the limit of detection is highly improved.
Fluorescent nanoparticles
It is well known that fluorescence methods use to exhibit higher sensitivity that those based on absorption colorimetry. The behavior of fluorescent nanomaterials with interest to be used in LFSs has been extensively explored and some reported examples discussed below.
2.2.1. Quantum dots (QDs) Fig. 9 . Comparison of assay made with AuNPs (up) and silica nanoparticles loaded with QD (down). Reprinted with permission from Bai, Y.; Tian, C.; Wei, X.; Wang, Y.; Wang, D.; Shi, X., 2012, RSC Advances, 2, 1778-1781. Copyright 2012 Royal Society of Chemistry.
In the already discussed work of Li et al. (2012) was demonstrated that the use of quantum dots (QDs) exhibits a good sensitivity and a really low limit of detection; but on their work, quantum dots were used to indirectly detect the amount of AuNPs on TL by quenching effect. In other works QDs are used directly as labels on LFS, with both antibodies (Yang et al. 2010; Li et al., 2010; Berlina et al. 2013 ) and aptamers (Wang et al., 2011a; Bruno, 2014) . The assays are as fast as with AuNPs, regardless the time that fluorimetric analysis could take, and the limits of detection achieved with QDs as tags are in the order of few nanograms per milliliter. The differences between an AuNPs and a QDs LFS are heighten when QDs are carried (Bai et al., 2012) or encapsulated (Ren et al., 2014) in other materials. In the work of Bai et al. (2012) , QDs were loaded over silica nanoparticles, which are between 10-20 times larger than QD, and these nanocomposites were used as labels obtaining a good sensitivity and a detection limit ten times lower than with AuNPs LFS (Fig.9) . These achievements were overwhelmed by Ren et al. (2014) 's work, who managed to encapsulate QDs on polymeric beads improving the limit of detection to only 0,42 pg/mL and fixing problems of flow and unspecific adsorptions of free QDs on nitrocellulose. In some cases, the conjugation of QDs with biocompounds can be a complex work due to their small size; also the number of antibodies per QDs is lower than in larger particles, so the probability of binding the label to the antigen is also a bit lower; therefore, the works of Bai et al. (2012) and Ren et al. (2014) , besides enhancing the signal, they are noteworthy easing the development and behavior of the LFS.
Other fluorescent materials
Besides QDs, other fluorescent materials, like the called up-converting phosphor technologies (UPTs) reporter particles. These type of nanoparticles are considered ceramic materials of large size, few hundreds of nanometers, composed by the combination of rare earth elements, being europium one of the most used. UPT reporter particles transform low energies (infra-red) into high energies (visible light, depending on their crystalline structure). Corstjens et al. (2001 Corstjens et al. ( , 2003 Corstjens et al. ( , 2008a Corstjens et al. ( , 2008b worked with this materials to detect nucleic acids and antigens in complex matrixes with improved results in comparison to the ELISA tests. Paterson et al. (2014) and also worked with this type of materials on LFSs, obtaining similar results as Corstjens et al. (2001 Corstjens et al. ( , 2003 Corstjens et al. ( , 2008a Corstjens et al. ( , 2008b . UPTs seem more stable in front of photobleaching effect (decrease of fluorescence) than QDs, making UPTs more suitable for direct assays and QDs for quenching related modes.
As seen with QDs, to carry the fluorescent tags on larger particles it helps enhancing the signal and avoids unspecific adsorptions onto the membrane. Europium, present on most of UPTs, emits fluorescence when reduced from Eu 3+ to Eu 2+ , so several researchers have exploited that property and combined europium with microparticles (Rundström et al., 2007) and silica beads (Xia et al., 2009; Tang et al., 2015; Zhang et al., 2014) to use them as transducers of LFS. Although the results are satisfying, QDs and UPTs exhibit better limits of detection and working ranges. Huang et al. (2013) covered silica microparticles with Ru(phen)3 2+ complex, which also exhibits fluorescent properties, obtaining a good limit of detection, 20 pg/mL. Edwards et al. (2006) and Khreich et al. (2008) used liposomes to encapsulate fluorescent dyes, getting higher sensitivity when using larger particles, with limits of detection close to 20 pg/mL. Commercial fluorescent microspheres which can be used on LFSs also are available (Xie et al., 2014; Wang et al., 2014b; . Interestingly, Xie et al. (2014) evaluated the optimal quantity of antibodies required to be conjugated with their microspheres and compared it with AuNPs, resulting that when using microspheres this quantity can be reduced four times; moreover, even using less quantity of antibodies in the labels, the sensitivity, the working range and the limit of detection are improved in comparison to AuNPs assays. 
Other nanoparticles

Carbon based materials
Although AuNPs are the most known labels for LFSs, however other materials which, without requiring enhancement strategies or designs, have been reported to improve limits of detection. This is for example the case of carbon nanoparticles (CNPs) which in the study of Linares et al. (2012) exhibit a limit of detection ten times lower than LFS in which AuNPs or LBs (latex beads) are used. CNPs, also known as carbon black, are strongly dark colored nanoparticles that exhibit a higher contrast against the background than AuNPs (Fig.10) , a factor which helps to obtain good parameters of sensitivity, working range and limit of detection. CNPs, as AuNPs, can be used for the detection of antigens (Lönnberg and Carlsson, 2001; Van Dam et al., 2004; Rayeb and Shmagel, 2008) , DNA chains (Kalogianni et al., 2011; Noguera et al., 2011) and molecules (Koets et al., 2006; Blažková et al., 2009; Blažková et al., 2010) , allowing also the development of multidetection LFS (Noguera et al., 2011) .
Another allotropic form of carbon used on LFSs are carbon nanotubes (CNTs) (Avera and Qiu et al., 2015) . CNTs are large materials, whereby using these materials on a LFSs will turn them in slow tests (around 20min to see the response), on the other hand, Qiu et al. (2015) 's work demonstrated that the limit of detection is improved in comparison to related AuNPs systems. Furthermore, CNTs are stable in time and against aggregation, which increases the life time of the conjugates.
Colored nanoparticles
One of the first nanomaterials used to develop LFBs was colloidal selenium (Lou et al., 1993) , with rust color. On this firstling design, the detection of analyte was semiquantitative by means of various TL on the membrane, instead of comparing the intensity of a single TL. The detection limit of this LFS was only of few milligrams per milliliter, so rapidly selenium colloids were substituted by gold colloids which exhibit stronger color. However, several years later, Wang et al. (2014c) used again selenium nanoparticles, claiming the cost effectiveness of this material in comparison to AuNPs, to develop modern LFS. Wang et al. (2014c) could not obtain a low limit of detection, but their system with selenium nanoparticles proved to be quite specific to melamine in different matrixes.
Magnetite nanoparticles (MNPs) can be used as labels due to their strong brown color (also because of their magnetic properties, as will be discussed up ahead). Nevertheless, this strong color covers practically all the visible spectra obstructing its identification by means of colorimetric devices. The advantage of MNPs is that their optical properties do not change as much as AuNPs when aggregated. So Liu et al. (2011) took advantage of this property and created LFSs where MNPs were aggregated using poly-L-lysine on TL. The aggregated MNPs maintained a similar sensitivity to the non-aggregated MNPs, but the limit of detection was improved, reaching 1.7 ng/mL. Silver can be used to enhance the intensity of AuNPs (Anfossi et al., 2013) , but silver by himself is also an interesting nanomaterial. Silver nanoparticles present different colours depending on their size and shape, so Yen et al., 2015 , exploiting this property, developed multiplexed LFS in which not only each antigen had their own line, but each of the lines had a different colour, avoiding confusions to the final user (Fig.11) .
In the work done by Park et al., 2015 platinum nanoparticles are used as transducers due to their properties catalysing luminol oxidation provoking chemiluminiscence. In comparison with HRP, platinum nanoparticles are more stable-in-time and robust against environmental conditions. Park et al. (2015) compared the lighting response of platinum versus the conventional AuNPs LFS obtaining a higher working range and a limit of detection one thousand times lower.
Dyed beads and liposomes
Latex beads (LBs) or polystyrene nanoparticles are homogeneous-size particles which, after being dyed, can be used to develop LFSs. Several companies use LBs on their LFSs due to the fact it is a cheap material and has a similar behavior as AuNPs. Greenwald et al. (2003) compared AuNPs and LBs and observed that LFSs prepared with LBs on conjugate pad gave a higher sensitivity and specificity than the ones prepared with AuNPs. Comparing other studies with LBs (Waters et al., 2006; Campbell et al., 2007; Lyashchenko et al., 2007) , the LFSs always show a good response in terms of selectivity and sensitivity, however the limits of detection are not as low as with other materials, which makes the strips suitable for qualitative assays, for clinic tests where it is only necessary to know if an antigen is over a determinate threshold. Instead of latex, cellulose can also be used (Choi et al., 2014) as dyed label on LFSs, which is an even cheaper material.
As discussed above on Edwards et al. (2006) and Khreich et al. (2008) experiments, liposomes can be used to encapsulate dyes (whether fluorescent or not). There are some reports about the use of liposomes on LFBs (Ho and Wauchope, 2002; Baeumner et al., 2004a; Baeumner et al., 2004b; Wen et al., 2005; Edwards et al., 2006; Ho et al., 2008; Khreich et al., 2008; Shukla et al., 2011; Leem et al., 2014) with good levels of sensitivity due to the high quantities of dye that can be loaded inside the liposomes. Nevertheless, the synthesis of liposomes is often a long procedure, with difficult size-control, so the reproducibility of the test could be affected if the protocol is not well controlled. 
Electrochemical detection
Despite of the fact that LFB response can be quantitative, sometimes it can be hard to discriminate between the strips, especially by naked eye. The combination of LFBs with electrochemical detection is expected to provide a more sensitive response, higher reproducibility, wider working range and lower limits of detection than optical measurements. Nowadays electrodes can be easily miniaturized by different methods as screen printing, ink-jet printing or photolithography, allowing their easy incorporation into a LFS design. In the work of Inoue et al. (2007) the authors used photolithography to fabricate three gold electrodes, working, counter and reference (Fig. 12) , over a glass slide and then coupled a small piece of nitrocellulose on a well into the device. They demonstrated that electrochemical reactions, cyclic voltammograms and amperometric measurements, could be performed on nitrocellulose substrate so, then, they cut a small piece from a LFS, corresponding to the TL, and carried out the measurements. The amperometric responses, based on the reduction of ferrocenemethanol catalysed by HRP (which was previously linked to a known quantity of testosterone, used also as analyte), decreased when the concentration of the analyte was increased in the sample (competitive LFBs model), obtaining wider working range than by chemiluminiscence measurements and good values of sensitivity and limit of detection. The main drawback of Inoue et al. (2007) 's method is that the electrochemical assay is performed separately. As the reduction is carried out as an additional step, the electrodes are not truly integrated into the LFS and it has to be cut. Some later designs (Wang et al., 2011b; Du et al., 2012) tried to fuse the electrode and the strip inside a cassette, including a cutter to section/cut the TL once the immunoassay was completed. Akanda et al. (2014) integrated the electrodes in the LFS on different ways. On the cases of Liu et al. (2007) and Lin et al. (2008) , QDs containing cadmium were used; after the test was performed and QDs were captured on TL, chlorhydric acid was used to release cadmium ions from QDs, which were detected by the electrodes, located under the TL, when a detection solution (Hg/Bi) was added on it. The obtained limit of detection was really low, 30 and 20 pg/mL respectively in each report. Interestingly, Liu et al. (2007) observed that when the immunoassay time was extended, the detection limit was decreased to 10 pg/mL. In the work of Zhu et al. (2014) the colorimetric and electrochemical measurements were performed at the same time, without the addition of detection solution, thanks to the integration of commercial CNTs paper in the LFS as working electrode, placed on the CL, and printed silver/silver chloride ink as reference and counter electrode (Fig. 13a) , being the electrodes laminated to ensure the contact between them and the nitrocellulose membrane (Fig. 13b) . Following a competitive LFBs model and using AuNPs as labels, the colorimetric response was measured comparing the TL on photographs of the LFS and, at the same time, the chronoamperometric response was measured from the remaining AuNPs on the CL. It must be highlighted the work of Akanda et al. (2014) , where they report a really low limit of detection, of only 0.1 pg/mL. Their LFS includes an extra pad with different substrates to perform a redox reaction on the electrodes which allows detecting the analyte without being affected by electroactive interfering species present on the sample (Fig. 14) . Thanks to this pad the need for sample pre-treating for both eliminating of interferences and to perform the electrochemical reaction is taken away, simplifying the test for the end user. On this design the electrodes, previously printed through photolithography on indium tin oxide substrate (ITO), were placed directly over the membrane, onto the detection antibodies. Hence, the detection on the LFS is only electrochemical and the strip does not provide optical checking.
Other detections 4.1. Magnetic methods
MNPs, as previously discussed, can be used as labels on lateral flow due to the fact they are strongly colored and can be easily conjugated with biomarkers. Usually, MNPs are used to preconcentrate the analyte in a sample through an washing step (Fisher et al., 2009; Liu et al., 2015) , or are conjugated with colored particles (e.g. AuNPs) to assemble them, to help in the purification of the conjugate by means of magnetic separation and to increase the intensity of the color in TL (Tang et al., 2009) . Nevertheless, MNPs can be used to a more interesting purpose; the magnetic field that the nanoparticles generate can be measured through a proper magnetic reader and transformed into a useful analytical signal. The advantage of this technique is that all the nanoparticles in the detection line should produce signal, contrary to optical and electrochemical methods where only nanoparticles on the surface or in contact with the electrodes, respectively, contribute significantly on the signaling. There exist several methods to produce and measure a signal using MNPs, being commercial magnetic assay readers (MARs) the most popular. MARs generate a magnetic field which excites the MNPs that simultaneously will produce their own magnetic field, detectable using the sensing coils of the apparatus. This effect can qualitatively measure groups of MNPs. Wang et al. (2009 ), Zheng et al. (2012 , , Shi et al. (2015b) , Barnett et al. (2014) and Wang et al. (2015) reported the use of MAR on their works, obtaining wide working ranges, high selectivity, robust assays, good sensitivity and lower limits of detection than standard AuNPs LFs. However, the intensity of the signal was related to the size of the MNPs, being the larger ones which produced higher responses being this a drawback inasmuch as it slows significantly the assay time. Another manner to increase the signal, producing a higher magnetic field, is to increase the concentration of magnetite inside MNPs. It must not be forgotten that MNPs are strongly colored, so colorimetric response could also be measured from these LFs.
Even though nitrocellulose membranes contain pores with widths of some micrometers, the largest MNPs, combined with big analytes as spores, bacteria or cells, could clog the pores obstructing the flow of the conjugates across the membrane producing retention lines ("road closure effect"). Curiously, Wang et al. (2015) took advantage of this inconvenience to develop a novel LFs free of dispensed antibodies on the detection pad. Merely, in the presence of analyte, the MNPs-analyte conjugate formed the retention line at the beginning of the nitrocellulose membrane and it was measured with the MAR (Fig. 15) . A clear advantage of this design is the cheapness of the LFSs, due to the fact that antibodies printed on it use to represent near the half of its costs; also the assay is faster than in the other magnetic LFs; nonetheless the absence of CL is a huge drawback because it impedes the detection of false positives.
In addition to MAR, other technologies like the use of giant magnetoresistive sensors (GMR) are emerging (Taton et al., 2009; Ryu et al., 2011; Marquina et al., 2012) , GMR signaling is produced when the electrical resistance of the sensor is reduced by the effect of an external magnetic field derived from the MNPs. The technique can show a quite low limit of detection (12 pg/mL, Taton et al., 2009) but seems that its robustness and sensitivity still have to be improved. 
Other methods
Thermal contrast is a technique that measures the radiation that the materials, over to absolute zero temperature, produce at infrared range. In LFS, thermal contrast can detect small variations of concentration which are not detectable with visible light, providing lower limits of detection than in the optical methods, including fluorescence in comparison to which, furthermore, avoids photobleaching effect; for this reason thermal contrast is considered a really robust and reproducible technique. Qin et al. (2012) reported the use of thermal contrast sensor (Fig. 16) on AuNPs LFS and compared the registered data against visual detection, reaching a 32-fold improvement on the sensitivity. Besides spherical nanoparticles, other shapes were tested (nanorods and nanoshells), by becoming shell AuNPs the one which exhibited higher response on thermal contrast.
A technique which can be combined with LFBs to enhance its response is isotachophoresis, an electrophoretic technique used to displace and preconcentrate several kinds of compounds, from large biocompounds to small inorganic ions, forcing their displacement with other ions. Moghadam et al. (2014 Moghadam et al. ( , 2015 used this technique on LFSs to concentrate the conjugate and to transport it to the TL. The time of the assay is reduced, as well as the limit of detection, however must be taken into account that this method requires calibration, membrane pretreatment and current application (in which is strongly dependent the sensitivity of the device).
Another detection method which can be applied on LFS is surface-enhanced Raman scattering (SERS), a technique that enhances the Raman scattering of molecules (Raman reporters: chromophores or fluorescent dyes with high photostability and that exhibit resonance at Raman frequencies) previously attached in the label nanoparticles, increasing significantly the sensitivity of the assay. Li et al. (2014) reported the use of LFSs on SERS, using AuNPs covered with 4-mercaptobenzoic acid (a Raman reporter). Their experiments demonstrated the great precision of the technology, the high selectivity against the reporters and a really low limit of detection, 0.32 pg/mL. The use of LFBs is not restricted only to laboratory or hospital environments. LFBs are designed to be portable devices which can be used overall at home or in the field. Their use is expected to be increased in the future so, consequently, it is important to adapt LFBs to the end user. At that point, it is necessary to focus not only in the LFS design, but also to the reader that should be user-friendly and low-cost. For example, Gui et al. (2014) demonstrated that with a charge-coupled device-based reader, which works on a similar way as a bar-code reader (in addition to some algorithms) a LFS developed with QDs (fluorescent measurements) could be easily read with low noise and low detection limits (20 pg/mL). Nowadays, smartphones have become an almost indispensable tool for day to day life, with a countless number of applications and utilities; therefore, its connection with biosensing seems to be expectable. Mudanyali et al. (2012 ), You et al. (2014 and Zangheri et al. (2015) developed different user-friendly apps for smartphones which, with their respective adapter (containing LEDsource of light, filtering lens and a space to introduce LFS), can be used to detect the TL and CL of LFSs and translate the signal meanwhile all the steps that the user should perform during the assay are explained on the smartphone's screen (Fig. 17a) .
Integration and connection with real world applications
With the arrival of the new Google Glasses (Fig. 17b) and similar products to the market the integration of augmented reality apps in real life will start. Feng et al. (2014) developed a voice-controlled app for Google Glasses that allows, by looking with your own eyes a QR code (quick response code) (Fig. 17c,d) printed in the LFS, get a quantitative interpretation of what your naked-eyes are watching (Fig. 17e) . When looking to the QR, the Google Glasses get access into a server where a LFS picture will be saved in a database, analyzed and translated, receiving a posteriori the data on Google Glasses display or checking them in internet browser.
6. Conclusions and future perspectives LFSs have demonstrated to be affordable and portable tools to detect a huge variety of compounds (e.g. proteins, metallic ions, organic molecules, DNA, cells, etc.) in a really short period of time usually shorter than 30 min that may include pre-and posttreatments if necessary. As shown in table 1, LFSs are compatible with different detection methods and nanomaterials in which strongly depend the costs, the robustness, the sensitivity and the detection limits of these devices. The variety of properties of nanoparticles allows the secondary reactions to be performed onto their surface or their assembly and other modifications enhancing the intensity of the analytical signals. However, the signal of a LFS can also be easily enhanced just by modifying its architecture allowing tuning of the microfluidics beside other changes.
The progress in the LFB field is strongly related with the development of new nanomaterials, strategies and methods to increase the sensitivity and decrease the limit of detection. To reach that goal various strategies may be followed: a) use of nanoparticle labels which are simple to detect, stable and ensure intense signals; b) development of strategies that increase the quantity of signaling labels per unit of analyte; c) application of detection methods that inherently provide strong signaling and a high level of quantification in the detection zone; d) combination of different detection techniques and enhancement strategies already reported could help to offset the drawbacks of each system. The increase recently of the research in the field of graphene may offer new opportunities also for LFB technology. The special properties of graphene oxide in various optical biosensing technologies (Morales-Narváez and including its quenching properties on QDs , if applied on LFSs, may bring interesting results in terms of sensitivity and limit of detection.
LFSs are expected to deepen more in fast diagnostics, enabling its use at home to identify diseases or allergens, or simply to watch over on biological parameters that affect our security and health; because of this, electronic devices of common use, like smartphones or augmented reality apparatus (like the new Google Glasses) or future technologies, may probably be able to work as readers of LFSs, providing comprehensible test instructions and results to the user.
